. Prolonged, continuous, deep diving by northern elephant seals. Can. J. Zool. 67: 2514 -2519. An earlier study showed that female northern elephant seals (Mirounga angustirostris) dive deeply and continuously during the first 1 -3 weeks at sea following lactation. We report that this dive pattern is maintained for the entire 2 %-month period at sea. Time-depth recorders were attached to six adult females at Aiio Nuevo, California; three instruments recorded continuously and three instruments recorded every 3rd day at sea. The mean dive rate was 2.5-3.3 dives per hour, with a mean of < 3.5 min on the surface between dives. This resulted in females spending 83 -90% of the time at sea underwater.
Introduction
Among the most remarkable adaptations of some aquatic mammals is the capacity for breath holding during long dives and withstanding high hydrostatic pressure during deep dives. Some of the most extreme adjustments are those made by female elephant seals, Mirounga angustirostris, who are pelagic most of the year, spending only 1 month on land to breed and another month on land to molt. Adult females go to sea to feed for about 70 days immediately following a 4-week lactation period, during which they lose 42% of their mass ). During the first 1 -3 weeks at sea, they dive deeper than any other pinniped and they dive continuously, spending as much as 90% of the time underwater (Le . Free-ranging animals exhibit virtually uninterrupted diving at a mean rate of 2.7 f 0.2 dives per hour. Dives last an average of 19.2 f 4.3 rnin and are followed by a mean surface interval of 2.8 f 0.5 rnin. Rare exceptions to continuous diving, consisting of extended surface intervals (ESIs), last an average of 55 f 30 min and occur unpredictably following 0.68 % of the dives. Modal dive depth varies among individuals from 350 to 650 m, with maximum dives to 894 m being recorded.
If this pattern during the first few weeks at sea reflects the general at-sea behavior, it represents a significant departure from the episodic diving pattern of most marine mammals, and has important implications for the way in which the seals cope with compression effects, partition oxygen stores, and manage anaerobic metabolites. In this report we show that adult female elephant seals dive deeply and continuously throughout the entire 2%-month period at sea following lactation.
Methods
To determine the diving pattern during the entire period at sea between lactation and molting, we attached time-depth recorders to the backs of six lactating adult females at Aiio Nuevo Point, California, between 13 and 22 February: three in 1987 and three in 1988 (Table 1) . One instrument, measuring 5.2 x 19.3 cm and weighing 980 g, was designed to record dive duration and dive depth continuously in real time on pressure-sensitive paper for 130 days, resolving dive depths to 1000 m and dive durations with less than 2% error (Naito et al. 1988 ). The other recorder, a photomechanical instrument measuring 5 x 20 cm and weighing 700 g (Kooyman et al. 1983 ), was modified to obtain the same data for 24-h periods every 3rd day.
As in earlier studies , subjects were anesthetized, weighed, and measured, and the instruments were attached with marine epoxy before the animals went to sea. The procedure was repeated and the instruments were removed within 2 days after the animals returned to the rookery. The instruments were calibrated before deployment and after recovery. At recovery, the dive records were enlarged, digitized, and analysed by computer.
Results
All females returned to the Afio Nuevo rookery and all instruments were recovered. Table 1 shows the time at sea, mass gain, record length, and summary dive data for each female. Females spent an average of 74.2 f 6.7 days at sea and increased their mean mass by 1.0 f 0.2 kglday. These values were as expected, based on the performance of uninstrumented females , and indicate that the instruments did not impede swimming significantly, that feeding took place during the period at sea, and that foraging conditions in these years were similar. The last 10% of the diving records of two females (Ye-87 and Vi-88, Table 1) were not made because of instrument malfunction.
The pattern of deep, virtually continuous diving described previously for the first 1 -3 weeks at sea was observed throughout the entire period at sea or for the duration of the period recorded (Table 1 , Fig. 1 ). All females dived at the rate of 2.5 -3.3 dives per hour, with a mean of less than 3.5 min on the surface between dives. Consequently, 83 -90 % of the time at sea was spent underwater. Interruptions in continuous diving, in the form of ESIs, were rare, following only 0.42 % of the dives. The mean duration of an ESI was 5 1.9 f 65.5 min. As noted previously during the initial period at sea , there was no relationship between ESIs and effort expended or anticipated, as reflected by preceding and succeeding dive durations or dive depths.
Except for the first and last days at sea, all females dived repeatedly to depths exceeding 200 m, with individual depth preferences between 450 and 700 m. After 2 -6 days, a daily depth preference was established and a diel cycle developed ( Fig. I) , which is consistent with foraging in the deep scattering layer. Clusters of daytime dive depths exceeded those at night by 100-225 m. This diel pattern remained relatively stable throughout the middle 80% of each record, in one case for as long as 68 days, until a few days before water exit. A few days before the end of each record, the diel pattern began to break down.
Deep dives below 800 m were rare (0.42 % of all dives) and were scattered throughout the dive records. However, for the two females recorded continuously throughout their period at sea (Fig. I) , the deepest dives occurred in sets of two and six dives, respectively, the day before they returned onshore.
Three females had nine dives that exceeded 1000 m (Table 1) . At this pressure, a safety mechanism on the continuous recorder cut off the remainder of the dive trace to prevent the recording stylus from running off the paper. We estimated the depth of these dives up to 1250 m by assuming a continued angle of descent and ascent, and a spiked bottom. The latter assumption is reasonable because 85% of the dives between 800 and 1000 m had spiked bottoms and the exceptions were only marginally rounded.
Deep diving to 500 m or more was always preceded by a series of dives that were initially shallow and got progressively deeper. This pattern was observed in three instances. (i) During initial entry, dive depth increased in a virtural staircase progression until deep diving below 200 m commenced. This was probably due, in part, to the gradually sloping ocean floor from the rookery to the continental slope. The duration of this stage was variable across individuals, lasting 2-14 h and taking 14-55 dives. (ii) A second phase of increasingly deeper dives followed, lasting several days, before the modal dive depth pattern became stabilized (Fig. 1) . (iii) When diving recommenced following ESIs longer than 1 h, dive depth invariably increased gradually in a descending-staircase pattern until the 500-to 600-m level was reached, whereupon deep diving continued at about this depth for several hours (Fig. 2) .
Dives lasting longer than 30 min were infrequent. The percentage of these per individual record increased with the mass of the female. That is, as the mass of the six subjects increased from 242 to 384 kg (Table I) , the percentage of each female's dives lasting 30 min or longer increased progressively to 0.1, 0.6, 1.6, 2.0, 2.2, and 7.4. This suggests that maximum dive durations are limited by oxygen-carrying capacity, which is positively correlated with body mass. Surface interval duration following the longest dives, or a series of them, was brief and did not differ from the interval following short-duration dives. For example, the longest dive of 62 min (754 m) was the third in a series of eight dives exceeding 30 min in duration and 500 m in depth; the surface interval following each of these dives was less than 2.6 min.
Discussion
The pattern of continuous, deep diving with brief interdive surface intervals has important implications for understanding the physiology of diving. Studies of free diving in mammals have focused on coastal species, or on the nearshore phase of pelagic animals (Gentry et al. 1986 ); these animals dive for fixed periods followed by rest on land or ice, or by swimming on the surface. Fur seals and California sea lions, Zalophus califomianus, dive in bouts that last from a few minutes to several hours (Kooyman and Trillmich 1986; Feldkamp 1985) . Preliminary data show that some sea lion species exhibit near-continuous diving but this is only during short periods at sea lasting 1 -3 days (D. Costa and R. Gentry, personal communication) . The Weddell seal, Leptonychotes weddelli, dives serially for about 11 h in the depth range 30-280 m, but each period is followed by an equally long period of rest on ice (Kooyman et al. 1980) . Even among cetaceans (Wursig et al. 1984; Dolphin 1987) , bouts of diving are interspersed with periods of quiescence. Continuous diving implies (i) reduced sleep requirements or sleep during diving, (ii) special properties of the lungs that allow functioning during brief intervals at the surface despite being gas-free for most of the animals' lives, and (iii) a limit to the hypoperfusion and delivery of oxygen to peripheral organs and tissue predicted by the diving response (Scholander 1940; Guppy et ,al. 1986; Hochachka and Guppy 1987) . These implications are discussed for elephant seals by Le .
In a variety of pinnipeds (Gentry et al. 1986; Kooyman and Trillmich 1986; Kooyman et al. 1980 ) and cetaceans (Wursig et al. 1984; Dolphin 1987; Gaskin 1964; Lockyer 1977) , surface interval duration is positively correlated with the length of the preceding dive. Time at the surface is regarded as a recovery period during which acid -base conditions and metabolic imbalances return to normal. The brevity of the surface periods following long dives in elephant seals suggests that aerobic metabolic pathways are being used exclusively, or that the production of anaerobic metabolites is always matched by utilization, eliminating the need to metabolize lactate at the surface. This implies a process in which steady-state conditions predominate, permitting the animal to spend the maximum time underwater (Kooyman et al. 1980) .
Coping with high hydrostatic pressure, several times greater than that experienced by other pinnipeds, is perhaps the most remarkable diving adaptation of elephant seals. The mean and maximum dive depths attained are more than twice those of other pinnipeds studied. The estimated maximum dive depths exceeded all recorded estimates of diving in air-breathing vertebrates, which include 1140 m in sperm whales, Physeter rnacrocephalus (Heezen 1957; Lockyer 1977) , and greater than 1000 m in leatherback sea turtles, Dermochelys coriacea (Kooyman 1988a) .
Elephant seals are adapted to function as efficient predators at depths where the pressure averages 40-70 atm (1 atm = 101.325 kPa) and reaches as much as 125 atm. Moreover, unlike benthic fishes adapted to constant high pressure, the seals must cope with rapid pressure changes of about 8 atmlmin many times a day. One consequence of spending most of their lives in a high-pressure environment is that high tissue nitrogen may prevail throughout the period at sea (Kooyman 1988b) . Clearance to normal atmospheric values is unlikely in the brief period spent at the surface following a long series of deep dives (Kooyman et al. 1972; Ridgeway and Howard 1979; Falke et al. 1985) . Special tissue adaptations may be required to accommodate tissue nitrogen tensions of 2 -3 atm (Kooyman et al. 1972 ), a level capable of inducing anesthetic effects (Winter and Miller 1985) .
Under these circumstances, it is not clear how elephant seals avoid the high-pressure nervous syndrome (HPNS) (Bennett et al. 1974 ), a pressure-induced increase in neural excitation leading to tremors and fatal convulsions (Fenn 1969; Brauer 1975; Halsey 1982) . Inert gases and some anesthetics oppose the effects of pressure on the nervous system of laboratory animals and humans (Zaltsman 1968; Lever et al. 197 1 ; Brauer et al. 1971) . It is plausible that elephant seals use nitrogen, a potent anesthetic gas at high pressures which is highly soluble in lipids (Halsey 1974) , as an anti-HPNS agent. This possibility has been raised to explain deep diving in other marine mammals (Smith et al. 1984; Kooyman 1988b) , but no formal model has been advanced. The mechanism may involve adaptation in excitable membranes (Janoff and Miller 1982) , elevated levels of endogenous compounds, elevated partial pressures of nitrogen in cerebral blood I-'low, or other undetermined factors (Smith et al. 1984) . Perhaps the seals modulate the nitrogen gradient in blood by drawing from a nitrogen reservoir in blubber that is saturated during the course of several dives. This or a similar mechanism would explain deep 
